view, claiming that immunization prevents not only death but also illness, thereby promoting the overall health of the child and reducing mortality by more than the share of deaths directly attributable to the targeted diseases (Kristensen, Aaby, and Jensen 2000; Aaby 1995; . Further, immunization drives could affect mortality through behavioral as well as biomedical pathways. Health workers generally use designated national immunization days (NIDs) to measure and weigh children and provide a wide range of health-related information. NIDs serve as a contact point with the official health care system for mothers, especially in rural areas, who might otherwise rarely interact with the system. However, logistical difficulties, particularly in settings such as rural northern Ghana, may limit an immunization program's potential for impact. In most rural areas, the schedules for EPI outreach may not correspond to the exact time at which a child is due for a particular antigen. For maximum protection against the six childhood killer diseases, it is recommended that a child receive one dose of Bacillus Calmette-Guérin (BCG) at birth; three doses of diphtheria, pertussis, and tetanus (DPT) vaccine and polio drops at ages 6, 10, and 14 weeks; and the measles vaccine at age 9 months. Outreach programs are usually planned to correspond to days of local activity (such as market days, nonfarming/nonfishing days, and so forth) and at reasonable intervals to ensure adequate response to the call to send children to outreach points. Complete uptake may, therefore, not necessarily result in improvements in child survival because vaccinations may be mistimed. In other situations, mothers may fail to return for later vaccines. This is particularly true for the measles vaccine, which should be given nearly six months after completion of the rest of the series. Thus, the full benefit of the immunization routine for the child may not be achieved.
In addition, vaccines may lose their sensitivity during transportation between a health institution and an outreach point because of unsatisfactory storage facilities. Most vaccines need to be stored at low temperatures to maintain their potency. In cases where the cold chain is broken due to unavailability of refrigeration facilities, the antigen may have lost its effectiveness by the time it is administered to a child. This problem of transporting vaccines under unsatisfactory conditions is often encountered in rural areas.
In Kassena-Nankana District, however, efforts are made to maintain the cold chain by providing vaccines to nurses just before they begin their outreach duties. Nevertheless, considering that the climate in the district is very hot and temperatures can reach 40°C, even an hour's drive to an outreach point can break the cold chain.
The aim of this paper is to examine the influence of immunization coverage on all-cause child mortality in Kassena-Nankana District of northern Ghana. Five years of longitudinal data on child survival and immunization status permit a detailed analysis of the mortality experiences of children who have received none, some, or all of the EPIrecommended immunizations.
SOURCE OF DATA AND SAMPLE SELECTIVITY
The data used for the analysis are based on the Navrongo Demographic Surveillance System (NDSS). The NDSS is a longitudinal population registration system established in Kassena-Nankana District in 1993 to support research into rural health problems and to provide a means for testing various health intervention strategies. Surveillance activities began with a baseline census in July 1993. Since then, demographic events have been continuously updated through visits to village compounds at 90-day intervals. Data are collected on births, deaths, in-and out-migration, marriages, and pregnancies. Also included in the database is basic demographic information such as sex, dates of events, and relationships of household members.
In addition, data on vaccination status have been collected annually beginning in 1996 for children less than 2 years of age at the time of interview. The interviewer records dates of vaccination only if the mother has a health card or some other written record of the date and the vaccination given. This means that some of the children classified as not vaccinated may in fact have received vaccinations but lost their health cards by the time of the survey. Between 50 and 60 percent of children had a health card or other written record in each of the four surveys from 1996 to 1999. The data used in this paper include children who were born in the study area between 1 October 1994 and 31
December 1999 and for whom information is available in at least one of the vaccination surveys. Children who were born elsewhere and migrated into the study area were excluded even if information on them was available in one of the vaccination surveys. Because of the high level of out-migration in the district, some children are likely to be missed in these vaccination surveys in early childhood; even if they return they may then be too old to qualify for inclusion. In addition, because the annual vaccination survey collects information only on living children, children who were born and then died between successive surveys are not included in the vaccination database. Table 1 compares background characteristics of the children in the main NDSS database with those included in the vaccination surveillance database in order to provide an idea of the selectivity of the sample used for the analysis. The cells indicated in the table refer to the Community Health and Family Planning Project (CHFP) experiment cells representing alternative approaches to primary health care delivery in geographically contiguous areas (Binka, Nazzar, and Phillips 1995) . Each cell corresponds to the catchment area of a health center in Kassena-Nankana District. The "Zurugelu" intervention in Cell 1 seeks to increase community involvement in health decisions by involving traditional village structures (chiefs, elders, and soothsayers) and volunteers in planning and delivering health activities and services and introducing project messages into traditional community meetings. The strategy for Cell 2 involves reorientation and relocation of community health nurses from the health centers to community health centers in the villages, where they both live and work. Cell 3 combines the Cell 1 and Cell 2 strategies. Cell 4 is the comparison area, in which both the Zurugelu and relocated nurses are absent, and only the normal Ministry of Health approach to health delivery operates (i.e., a health center with outreach to communities). Cell 5, the only urban section of the district, is not included in the CHFP. However, demographic surveillance and vaccination data are collected in this area.
From Table 1 , it is evident that the sample used for the analysis is comparable to the main child database on sex, cell of residence, and number of compound residents.
The disparity in the distribution of age at first observation is due to the fact that the analysis is restricted to those born in the study area. Maternal and paternal characteristics are unknown for a smaller proportion of those included in the analysis compared to those not included, which is also a result of the fact that only children followed from birth are included in the analysis.
The bias in the selected sample with respect to the survival status of the child is also to be expected because the immunization schedule is administered only once a year to surviving children. Children who are born and die between two surveys (i.e., many of those who die in the neonatal and early post-neonatal periods, when a large fraction of under-5 mortality occurs) do not appear in the vaccination database. This analysis is therefore biased toward surviving children between the ages of 0 and 9 months. The table indicates that survival of children from 9 to 59 months is comparable between those included and those excluded, however. This bias therefore does not affect analysis restricted to the 9-59-month age group. Table 1 indicates that mother's information is missing for 0.3 percent of the children. These children were subsequently excluded from the study, bringing the final sample 
METHODS OF ANALYSIS
A central question in planning this analysis concerns the definition of vaccination coverage. An appealing approach would be to simply create one indicator variable for each of the eight EPI antigens (BCG; polio 1, 2, and 3; DPT 1, 2, and 3; and measles) to indicate whether a child had received that antigen at a given age. Regression techniques could then be used to assess the independent contribution of each of the antigens to survival while holding constant the other seven, and to assess the combined mortality impact of the full EPI package. However, these eight variables are extremely highly correlated for obvious reasons: polio 1 and DPT 1 are given at the same time, and the mother who has taken her child to the clinic to receive the first set of shots is more likely to take the child back to receive the second set. Such high correlations between explanatory variables make it impractical to consider each antigen separately.
Research from other studies has demonstrated substantial reductions in mortality associated with measles immunization programs (Aaby 1995; Koenig, Fauveau, and Wojtyniak 1991). We therefore considered it important to assess the independent contribution of measles immunization to survival in this population. Because BCG, polio, and DPT coverage are so highly correlated, we decided to consider them as a single pack- event of death before being lost to follow-up, as in the case of out-migrant children.
Uncensored children, on the other hand, are those who experience the event of death at the specified time.
The data for a discrete-time model are first structured as a series of Bernoulli trials, one for each discrete month; therefore, the covariates for a given child can assume different values from one month to the next. Thus a separate record is created for each unit of time for which the child is known to be at risk of death. A child who survives the first 5 years of life, for example, will have 60 records, while the child who dies at age 5 months will have 5 records. For each person-month, the dependent variable (survival status) is coded 1 if the child died during that month and 0 if the child survived. The discrete-time model can thus be fitted using any model for binary response data. Using the logit link, the probability of death h it for child i at time t is given by:
is a vector of covariates, and β is a vector of parameters to be estimated.
The relationship of the outcome variable with time, α t , can be modeled in several ways. The simplest approach is to assume a constant relationship over time, for example, α t = α. Other choices include a linear function of time, α t = α 0 + α 1 t; a quadratic function, α t = α 0 + α 1 t + α 2 t 2 ; or a log-linear relationship, α t = α 0 + α 1 log(t). In this case, separate models were estimated for children aged 4-8 months and 9-59 months. In each model, exploratory analyses indicated that the linear function of age was the most appropriate, as it yielded a better fit than the logarithmic transformation of age and the addition of a quadratic term did not contribute significantly to the fit of the model.
Other explanatory variables considered for inclusion in the model are the child's sex and year of birth; the mother's age, education, and residential status; number of residents in the compound; cell location of the child; and distance to the nearest health facility and to Navrongo Town (the only urban center in the district). The mother's age at birth of the child, the year of birth of the child, and the number of compound residents are categorized, while sex of the child and maternal education and residence are represented by indicator variables. Logarithms were taken of the distance variables to normalize their highly skewed distributions.
Models were first specified using all potential explanatory variables. Variables with coefficients not significantly different from 0 at the 95 percent confidence level were removed one at a time, but were replaced if their removal caused any of the statistically significant coefficients to change by 10 percent or more. Certain variables considered to be of programmatic importance (such as the experimental cell of residence) were retained regardless of their level of statistical significance. To aid in the interpretation of the regression analysis, coefficients are exponentiated and presented as odds ratios.
RESULTS
Immunization uptake and timing in the first year of life Table 2 shows the percentage of children immunized, the percentage receiving each vaccination at the recommended age, and the median age at vaccination among children who survived to the age of 12 months. If immunization does indeed reduce mortality, this table will overestimate actual coverage rates achieved, as there will be a higher proportion of immunized children among those who survive to age 12 months than among those who survive to the recommended age of immunization but die before age 12 months. As expected, vaccination rates are higher for vaccines received earlier in life, such as BCG, polio 1, and DPT 1. Although the uptake of measles vaccination is quite low, it appears to have the most strictly followed schedule. The last two columns of Table 2 indicate that a majority of children in the study population receive BCG, polio, and DPT vaccinations at a later age than is recommended (often a month or more later).
Childhood mortality rates
Figure 2 illustrates the differences in mortality risks during childhood between the five vaccination status categories. Figure 2a compares the monthly mortality risk for months 4-8 (expressed as the number of deaths per 1,000 population at risk each month)
for vaccination status Groups 0, 1, and 2 (those with no, partial, or full BCG/polio/DPT coverage, respectively, and no measles coverage). Children under 4 months of age are excluded because they will not have had time to complete the polio and DPT series, and Groups 3 and 4 are not considered because there are too few children immunized against measles prior to age 9 months to make comparison of mortality risks meaningful. Those who were vaccinated against measles prior to age 9 months were censored at that time months. There is a clear trend linking more complete vaccination coverage with increased probability of survival until the fifth birthday. Table 3 presents rate ratios summarizing the total gain in survival in late infancy and childhood associated with vaccination status. Mortality rates for each group over each age range were calculated as the number of deaths divided by person-years of observation; within each age range, the rates for each of Groups 1-4 were then divided by the rate for Group 0 to obtain these ratios. Ninety-five percent confidence intervals for the rate ratios are shown in parentheses.
The calculated confidence intervals indicate that almost all rate ratios are significantly lower than 1.00 at the 95 percent confidence level. The only exceptions are rate ratios comparing Groups 1 and 2 to Group 0 (the unvaccinated children) at ages 12-23 months and comparing Group 3 to Group 0 at ages 24-59 months, for which the confidence intervals include 1.
Over the age range 9-59 months, the total reduction in mortality associated with immunization ranges from 25 percent for children with partial BCG/polio/DPT cover- . It is counter-intuitive that at 24-59 months, those who received the measles vaccine experienced higher mortality than those with comparable BCG/polio/DPT coverage but no measles vaccine. However, mortality rates in this age range have large standard errors due to the small number of deaths, and statistical tests do not allow us to conclude that mortality differs significantly between children vaccinated 
Multivariate analysis
The descriptive statistics presented in the previous section must be interpreted with caution since they cannot account for the fact that children in the various vaccination status categories may have lower mortality risks than unvaccinated children for reasons unrelated to their vaccination status. For example, children who have never been vaccinated may be more likely to live farther away from outreach points or to have mothers who are less inclined to use clinical services, both of which would be likely to put them at higher risk of death during childhood independent of their vaccination status. Therefore, multivariate analyses presented below adjust as much as possible for any such inter-group differences.
A discrete-time hazards model considering only the impact of the BCG/polio/ DPT series on mortality was estimated on children between the ages of 4 and 8 months.
As above, those who received a measles vaccination prior to age 9 months were censored at the time of vaccination for the purposes of this regression. Also, children who were older than 4 months at the time of the first vaccination survey were not included.
The regression results are shown in Table 4 .
Children with partial and full BCG/polio/DPT coverage have 76 percent and 91 percent reduced odds of mortality, respectively, relative to unvaccinated children after controlling for age, sex, mother's age, area of residence, and year of birth. These figures are similar to the unadjusted rates presented in the previous section. As described above, other potentially confounding variables were considered and ultimately removed from the final model if they were neither statistically nor programmatically significant.
A second model comparing all five vaccination status groups was estimated on children between the ages of 9 and 59 months. Figure 2 indicated that the relationship between vaccination status and mortality is not constant over this age range. Hence indicator variables for different age ranges and interaction terms are added to allow vaccination impact to be age-dependent.
The regression presented in Table 5 models mortality as a linear function of age and indicates that mortality is decreasing over this age range (odds ratio [OR] = 0.94 per additional month of age). Indicator variables for age ranges 12-23 months and 24-59 months are added to the model, leaving ages 9-11 months as the reference category.
These variables have the value 1 for the months that the child is in the specified age group and 0 otherwise. The lack of statistical significance of these indicator variables indicates that overall levels of mortality do not differ significantly between these age ranges apart from the general linear decline represented by the first variable.
Given the presence of interaction terms in the model, the coefficients on the vaccination status variables should be interpreted as the relationship between vaccination status and mortality in the 9-11-month age group only (the reference age group). For example, the OR of 0.34 for Group 1 indicates that for children 9-11 months old, those with partial BCG/polio/DPT coverage have 66 percent lower odds of mortality than unvaccinated children, controlling for other variables.
The coefficients on the interaction terms represent the effect of vaccination status on mortality in that age group relative to the effect in the 9-11-month age group. To see the adjusted effect of vaccination on mortality in the 12-23-month and 24-59-month age groups, we therefore must combine the coefficients on the relevant main effect (e.g., Group 1) and interaction (e.g., Group 1 × age 12-23 months) variables. For example, to understand the relationship of partial BCG/polio/DPT coverage to mortality among 12-23-month-old children, we add the coefficients for Group 1 and for Group 1 × age 12-23 months = -1.0910 + 1.1570 = 0.0660. Exponentiation yields an OR of exp(0.0660) = 1.07, which suggests that there is little difference in mortality between Group 1 and Group 0 in the 12-23-month age group. To assist with the interpretation of the interaction terms, Table 6 presents adjusted mortality ORs based on the regression results in Table 5. The table compares Groups 1-4 with Group 0 in age ranges 9-11, 12-23, and 24-59 months after controlling for confounding variables. The adjusted ORs are similar to the crude RRs inferred from Figure 2 and presented in Table 3 , suggesting that none of the covariates controlled for in the multivariate analysis significantly confounds the relationship between vaccination status and mortality.
DISCUSSION
The results of our analysis indicate significant reductions in infant and child mor- percent of child deaths can be attributed to measles , and anecdotal evidence suggests that measles incidence is relatively uncommon now that immunization campaigns are inducing high levels of herd immunity.
Very little research has been published on the effect of the BCG, polio, and DPT vaccines on all-cause morbidity and mortality. Our results are consistent with a study in This paper does not estimate the effects of BCG, polio, and DPT separately because of the high correlation between these vaccinations in this study population. DPT and polio are nearly always administered together, making it practically impossible to differentiate between their effects. It is extremely rare in Kassena-Nankana District for a child to be vaccinated against DPT without first having received a BCG shot. Similarly, very few children in our sample received a BCG shot but were not subsequently vaccinated against DPT. Only 3 percent of those who received a BCG shot did not receive a DPT vaccination by the age of 12 months. However, despite our inability to differentiate between the vaccinations, the dramatic reduction in mortality associated with partial or complete BCG/polio/DPT coverage in this population is clearly not consistent with a deleterious effect of DPT offsetting a beneficial effect of BCG.
Our analysis indicates that even children who receive only part of the EPI package of immunizations benefit from substantially reduced mortality. While Figure 3b and Table 3 show a clear positive trend linking probability of survival with number of vaccinations received, even children with only partial BCG/polio/DPT coverage have 25 percent lower mortality than the unvaccinated between the ages of 9 and 59 months, and nearly 50 percent lower mortality between the ages of 4 and 59 months. These results suggest that receipt of only part of the EPI package can substantially improve children's chances of survival.
Challenges to internal validity are unavoidable in analyses of the all-cause mortality impact of EPI antigens. It would be unethical to conduct randomized controlled trials of vaccines known to be efficacious in preventing the targeted diseases, apart from designs such as that used in the study by Otto and colleagues (2000) , which can only examine a narrow window of age in order to satisfy ethical criteria. Vaccinated children are likely not to be a random sample of all children but rather a select group that differs from those not vaccinated in many important respects that might also be expected to influence their mortality risks. While we used multivariate methods to control as much as possible for differences between vaccinated and unvaccinated children, there are likely to be residual unmeasured differences between the two groups that may be producing these associations. Possible confounding characteristics include parental preference for the health of their children, the genetically determined hardiness and health status of the child, and parental attitudes toward modern health services and health-seeking behavior.
Most of these confounders are difficult to measure in any setting. One confounder that was considered in this analysis is health-seeking behavior. A 1999 panel survey among approximately 6,000 women of reproductive age in Kassena-Nankana District included a module on recent child morbidity and related health-seeking behavior. Approximately 10 percent of the children in this analysis both had mothers interviewed in the panel survey and had an episode of illness reported in the panel. An indicator variable was constructed from the responses to this survey to denote whether the mother sought modern medical treatment for the child during the illness in question, as opposed to seeking traditional treatment or no treatment at all. When the analysis was restricted to the subsample for whom the health-seeking behavior variable was defined and this variable was included in the discrete-time hazards model, the mortality impact of vaccination status was unchanged. A subsequent analysis indicated that, excluding the healthseeking behavior variable, the regression produced results in the 10 percent subsample that were similar to those in the full sample.
A further point of caution must be added with respect to the analyses on the 4-8-month age group. From Table 1 it is clear that in this age group, the sample used for our analysis is not representative of all children in Kassena-Nankana District but is heavily biased toward children more likely to survive. The implications of this bias for the estimate of the relationship between immunization and mortality is unknown. However, if the reduction in mortality associated with vaccination status is an artifact of the bias in the sample toward surviving children, we would expect the gap in mortality between vaccinated and unvaccinated children to narrow as we move from the fourth to the eighth month of life, since this survival bias decreases in importance at later ages and is absent for children ages 9 months and older. However, Figures 2a and 2b show a fairly constant relationship between vaccination status and mortality risk from the fourth through the eleventh month of life.
The vaccination coverage rates observed for Kassena-Nankana District are much lower than the target of 90 percent set by UNICEF. The rates, which range from 72 percent for BCG to 45 percent for measles, also fall below those recorded at the national level. Since 1988 Ghana has recorded an average of over 80 percent for BCG uptake, for example. The low figures noted for Kassena-Nankana District may be attributed to the high proportion of births delivered at home and the implications for health-seeking behavior. Almost 60 percent of all births in the district occur at home, and these children usually experience the traditional practice of being kept at home until they are more than 8 days old. Thus, the need to send the child for immunization will depend on how the mother perceives the program. Some may see it as an inconvenience rather than a necessity. In some situations traditional practitioners give a long list of taboos to new parents regarding their newborns, including banning the use of needles, with the result that these children are not taken to a health facility for whatever reason because of the fear that they will receive injections.
CONCLUSION
The data on child survival and vaccination status in rural northern Ghana give strong support to the argument that efforts to implement the Expanded Programme on Immunization can substantially enhance child survival in high-mortality settings, reducing mortality by up to two-thirds in children who receive the full package relative to children who have received no vaccinations. Others have argued that such vaccination programs will eliminate only the proportion of mortality directly attributable to the targeted diseases (Foster 1995) or that they will have no net effect on all-cause mortality because weak children saved from vaccine-preventable diseases will die of other causes in health-deprived settings (Mosley and Chen 1984) . Our data add to a growing body of evidence that suggests that measles vaccination programs, in particular, reduce all-cause mortality substantially beyond the proportion of deaths caused by measles. Our results also indicate that BCG, polio, and DPT vaccinations substantially reduce under-5 mortality; this is at odds with recent findings from Guinea-Bissau and indicates a need for further research on the all-cause mortality impact associated with these vaccines in developing countries. Even children who have received only BCG and one or two shots of DPT and polio vaccines enjoy substantially lower mortality than unvaccinated children.
In a high-mortality, sub-Saharan African setting with poor infrastructure such as KassenaNankana District, success in delivering even part of the EPI package can yield substantial health dividends.
